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Abstract
The conjecture of Pierre Curie in 1894 that there are certain materials which can be polarized electrically by means of magnetic field and vice versa, can be said to be the beginning of the field of magnetoelectric effect. While thinking about such materials, an interesting question crops up in mind that whether such magnetoelectric crystals exists in reality or not?. At first sight this would seem to be rather impossible. One can show however, that the interactions are possible if phases possessing both spontaneous magnetization and spontaneous polarization could be coupled by means of ferroelectricity. This is a necessary but not a necessary and sufficient condition. The discovery of Smolenskii and Ioffe of compound exhibiting simultaneously electric and magnetic dipoles, and their long range order stimulated an intensive search for new substances with similar properties. At present only few materials are known which exhibit magnetoelectric ( ME ) effect. ME effect has been observed in a variety of materials such as single phase materials ( e.g. Cr2O3, BiFeO3 etc. ) and double phase materials (e.g. CuFe2O4 - BaTiO3 ) etc. It should be noted that the origin of magnetoelectric effect in single phase materials and two phase materials is different. In the 1920 - 1930, many unsuccessful experimental attempts at finding such a magnetoelectric effect were made, which are well chronicled and discussed in detail by O'Dell. Afterwards not much attention has been paid to such a novel effect, being largely due to extremely weak magnetoelectric signal. Unfortunately, the single phase materials that are known so far exhibit transition temperature below room temperature with few exceptions. Bismuth ferrite, a compound having rhombohedrally/ hexagonally distorted perovskite structure exhibit transition temperature well above room temperature and is therefore promising. It has been noted earlier that the space modulated spin structure (SMSS) endows BiFeO3 with variety of competing charge and lattice interactions; however, its presence has been found to be the main hurdle in observing magnetoelectric effect in BiFeO3, as indicated by the exhibition of ME effect above critical field that destroys SMSS. The spatial non uniformity of this magnetic structure, which is amenable to suppression, needs to be suppressed by rare earth substitution for bismuth. From this point of view of the problem it seems likely that in Bi1-xRExFeO3 solid solutions, with substitution of rare earth ions magnetic properties may be exhibited over a large temperature range with some spin reorientation transition. In addition to this, ferroelectric tendencies can also be altered by modification in Bi - O and Fe - Fe coupling by this substitution. Thus, in order to get enhanced magnetoelectric interactions in synthesized materials based on BiFeO3 host crystals, the rare earth ions used as substituents were chosen with decreasing ionic radii, as La+3 ( 1.15 ? ), Nd+3 ( 1.08 ?), Sm+3 ( 1.04 ?) and Dy+3 ( 0.99 ?) for giving rise to distortion, strain and relaxation of the crystal lattice of the solid solution with variable degree to affect the magnetic anisotropy and dielectric properties over a range. Therefore preparation of Bi1-xRExFeO3 samples, where RE = La, Nd, Sm and Dy and x = 1, 0.8, 0.6, 0.4 and 0.2. were undertaken. The thesis is divided into six chapters. The first chapter deals with the introductory part of the thesis as well as the magnetoelectric effect. It includes elementary concepts of ferroelectrics, single phase and two phase magnetoelectric materials. It also includes challenging aspects of BiFeO3, polymorphism of Bi1-xRExFeO3 solid solutions and possible applications of magnetoelectric materials. At the end of the chapter the orientation of the problem is spelt out.. The second chapter is divided into two parts. In part ( A ), the information about methods of synthesis such as wet methods and dry methods is given, with emphasis on solid state reaction method. Part (B) includes the information about the characterization techniques used in this work along with elementary theory of the technique concerned. This part is divided into subsections appropriately. It starts with the statement of Braggs law of X - ray diffraction. The qualitative analysis of the X-ray diffraction patterns with the help of JCPDS data and the relations between interplaner distance 'd' and lattice parameters for different crystal systems have also been included. Subsequently ABO3 type perovskite structure has been discussed in detail with the help of suitable figures, and the experimental details of XRD technique are given. Next section of Part ( B ) gives elementary theory about infrared ( IR ) absorption spectroscopy and the experimental details. The aspects of dielectric studies are discussed with the help of suitable models and the experimental details of dielectric measurements are presented. The electrical resistivity measurement has also been discussed along with experimental details. The last part of the chapter deals with the magnetoelectric ( ME ) effect measurements. Third chapter is devoted to the synthesis of BiFeO3 by using solid state reaction method and its characterization. As the preparation of single phase BiFeO3 sample is critical, due care is taken in the synthesis of the sample. The samples are prepared by solid state reaction method. The detailed procedure about the method is already discussed in chapter II. Preparation of BiFeO3 requires additional acid treatment to minimize other phases such as Bi2Fe4O9. The samples are characterized by using XRD, IR spectroscopy, dielectric, resistivity and magnetoelectric measurement techniques. The analysis of XRD patterns revealed the formation of BiFeO3 phase, in addition to this few peaks of Bi2Fe4O9 phase have been observed. The IR spectrum shows stretching and bending vibrations at around 600 cm-1 and 450 cm-1. The dielectric dispersion is observed at room temperature. The dielectric measurements with temperature show anomalous behavior at around 700 K which is ascribed to the antiferromagnetic transition temperature. The nature of the peak in dielectric measurements with temperature is found to be broad and diffused, which reflects the relaxor type of behavior shown by the ferroelectrics. The resistivity of the sample is found to be of the order of 107-108 W-cm. The electrical resistivity values show frequency dependence at room temperature indicating hopping conduction mechanism by small polarons. The magnetoelectric signal is registered for BiFeO3 sample at room temperature. The maximum value of ME signal at room temperature is 0.08 V/cm. This value is sufficiently higher than those obtained with other single phase and two phase magnetoelectric materials. The magnetoelectric interaction is explained on the basis of interaction between magnetic and ferroelectric sublattices. Externally applied magnetic field will affect the antiparallel alignment of spins in BiFeO3. This will result in appearance of weak ferromagnetism due to new spin arrangement. These make and break type of ferromagnetic domains would interact with the ferroelectric domains, which would finally result in charge separation on the faces of the sample. This is registered as ME voltage. In summary, BiFeO3 sample prepared by solid state reaction method exhibits hexagonal structure with dielectric constant 146 at 1 kHz and dc resistivity ~107 W-cm and maximum value of ME voltage of 0.08 V/cm at room temperature. As it has been stated earlier, to enhance the dielectric and magnetic properties of BiFeO3, the rare earth elements of different ionic radii with increasing number of 'f' electrons such as La, Nd, Sm and Dy are chosen as substituents for Bi. The effect of substitution of La in place of Bi is studied and presented in Chapter IV. As discussed earlier the samples of Bi1-xLaxFeO3 have been prepared by solid state reaction method. The optimized sintering parameters are given in the same chapter for Bi1-xLaxFeO3 samples. The samples are characterized by XRD and IR . The dielectric, resistivity and magnetoelectric studies are carried out on the samples. The X-ray diffraction patterns of the samples are analyzed using JCPDS data of LaFeO3 and phase diagram proposed for Bi1-xLaxFeO3 solid solutions by other workers. It has been confirmed that the samples with x = 1, 0.8, 0.6, 0.4 possess orthorhombic structure and the sample with x = 0.2 possesses triclinic structure. The IR spectra of the Bi1-xLaxFeO3 samples show presence of stretching and bending vibrations at around 570 cm-1 and 370 cm-1 respectively. This is used as a supplementary tool for the identification of the compounds by comparison of the IR spectrum recorded of the sample with that previously recorded by earlier workers. The dielectric measurements carried out on the samples of the Bi1-xLaxFeO3 show interesting results. It is to be noted that the dielectric constant of Bi1-xLaxFeO3 solid solutions was found to enhance dramatically by the substitution of Bi by rare earth element La. The enhancement in e' for La+3 substituted Bi1-xLaxFeO3 samples is associated with the electronic structure of Bi+3 and A-Fe bond interactions. To our surprise the sample x = 0.8 among the Bi1-xLaxFeO3 series exhibits maximum dielectric constant though the sample x = 0.2 exhibits triclinic structure (most distorted crystal structure). The reason behind this is that the sample x = 0.8 lies near the phase boundary of the phases Pna21 to Pnma encountered in the phase diagram. Such materials with high dielectric constant ( ~ 104 ) are potentially useful in electrostrictive applications, high power transducers, actuators etc. Electrical resistivity measurements on Bi1-xLaxFeO3 samples are used to understand the conduction mechanism and to select the sample for magnetoelectric measurement. As per our expectation that the sample having high dielectric constant and relatively higher resistivity would provide stronger platform for magnetoelectric interactions, the sample x = 0.8 is suitable for ME measurement; but unfortunately, it exhibits low resistivity ~ 105 W-cm. In the solid solution samples, where non magnetic Bi+3 ions are being replaced by other non magnetic ions like La+3, the charge carriers like small polarons are not likely to be much affected except for the processes of impurity scattering. However, in a sample involving co-existence of polymorphic modifications of the system, where the grain boundary area may increase drastically in the co-existence region other effects may crop up.. The low value of resistivity may be associated with more oxygen vacancies and consequently with more Fe+2 ions. This will naturally enhance the population of charge carriers according to the conduction mechanism visualized. Therefore, the choice goes to the next sample amongst the series, which possesses relatively higher dielectric constant and fairly high resistivity ~ 107 W-cm. Thus, we find the sample x = 0.6 suitable for ME measurements. The maximum ME voltage noted for the sample x = 0.6 is 0.177 V/cm. This is quite enhanced as compared to the signal for BiFeO3. sample. The consolidated data on Bi1-xLaxFeO3 samples, has been presented in tabular form in chapter IV of the thesis. The fifth chapter deals with substitution of non magnetic Bi+3 ions ( ionic radius = 1.20 ? ) by magnetic rare earth elements such as Nd+3 ( ionic radius = 1.08 ?), Sm+3 ( ionic radius = 1.04 ? ) and Dy+3 ( ionic radius = 0.99 ?). This chapter emphasizes on synthesis of Bi1-xRExFeO3 samples, where RE = Nd, Sm, and Dy with x = 1, 0.8, 0.6, 0.4 and 0.2; their characterization by XRD, IR and dielectric, resistivity and magnetoelectric properties. The samples of Bi1-xRExFeO3, where RE = Nd, Sm, and Dy with x = 1, 0.8, 0.6, 0.4 and 0.2 were prepared by using solid state reaction method. The optimized parameters are given in the same chapter. The analysis of XRD patterns of the samples is used for the confirmation of crystal structure of the compounds by comparison with JCPDS data of the rare earth orthoferrites on the basis of the phase diagram proposed by other workers for Bi1-xRExFeO3 solid solutions. The values of the lattice parameters are in good agreement with those reported in literature. IR spectroscopic technique is used as a supplementary tool to XRD technique for the purpose of characterization. The dielectric studies at room temperature show dispersion behavior for all the samples. The samples with x = 0.2 possesses maximum dielectric constant at 1 kHz. This unique behavior of the samples with x = 0.2 corresponds to the distortion of FeO6 octahedra ( perovskite ) that gives rise to strongest dipoles and triclinic structure. It is also observed that the sample x = 0.6 amongst Bi1-xNdxFeO3 series exhibits minimum dielectric constant, which is rather corresponding to half way mark of the maximum entropy of mixing of solid solutions. The enhancement in e' by the substitution of magnetic rare earth elements such as Nd+3, Sm+3 and Dy+3 in place of Bi+3 is less as compared to substitution by non magnetic rare earth ions such as La+3. This is rather expected because the lack of 'f' electrons in La does not give rise to enhanced A-Fe interactions. While for Bi1-xRExFeO3 solid solutions 'f' electrons in Nd, Sm and Dy give rise to enhanced A-Fe interactions. The appearance of the peak in tan d measurement with frequency at room temperature observed for Bi0.8Sm0.2FeO3, Bi0.6Sm0.4FeO3, Bi0.2La0.8FeO3 and Bi0.8La0.2FeO3 samples below 1 MHz reflects Maxwell-Wagner type of relaxation processes. Fairly high value of e' observed for Bi 1-xDyxFeO3 samples with low tan d and nearly frequency independent response of the samples make them possible candidates for applications such as multilayer capacitors, high temperature and high frequency transducers etc. The dielectric behavior of the samples with temperature at certain fixed frequencies viz 1 kHz, 10 kHz, 100 kHz and 1 MHz has been studied. The diffused broad peak observed in dielectric measurements reflects the relaxor type of behavior of ferroelectrics in the measured range of temperature. The electrical resistivity has been studied with temperature for Bi1-xRExFeO3 samples, where RE = La, Nd, Sm and Dy for x = 1, 0.8, 0.6, 0.4 and 0.2. in the temperature range 300 - 750 K. From the inspection of ln r Vs 1000/T plots for Bi1-xRExFeO3 samples and the ac resistivity behavior at room temperature, polaron hopping conduction mechanism is corroborated. The value of the resistivity of the samples at room temperature is used for the selection of the sample for magnetoelectric measurements. For magnetoelectric measurement three representative samples, with higher dielectric constant e' and relatively higher resistivity ( ~ 107 W-cm ) were chosen. It is essential to point out how the choice fell on Nd, Sm and Dy substituents with earlier studies on La. The La ion is non magnetic, and its influence on the magnetic anisotropy of BiFeO3 is small. Therefore, if it is expected to influence magnetic anisotropy of BiFeO3 and hence the magnetoelectric interactions, substitution with magnetic rare earth ions viz. Nd, Sm and Dy has to be resorted. Therefore, in addition to the above mentioned advantages the decreasing radii of the substituents, Nd = 1.08 ?, Sm = 1.04 ? and Dy = 0.99 ? were chosen in order to give rise to more distortion and stronger dipole formation, that may result in stronger ME interactions. It must be mentioned here that the magnitude of the ME signal hitherto reported is in mV/cm, while our measurements are in V/cm which is three orders of magnitude larger. The remarkably enhanced value of magnetoelectric signal has been ascribed to the participation of all the three types of atoms ( A, B and O) except Bi in origination of both the properties of magnetic interactions and ferroelectric dipole formation. Comparison of the ME signals of the three representative samples Bi0.8Nd0.2FeO3, Bi0.8Sm0.2FeO3 and Bi0.6Dy0.4FeO3 with those of BiFeO3 and Bi0.4La0.6FeO3 samples, reveals a difference of an order of magnitude, not withstanding the fact that the e' and r values for BiFeO3 and Bi0.4La0.6FeO3 samples are rather higher. Thus the enhancement of 'f' electron interactions contributing to magnetic anisotropy and the preferential axis substitution of rare earth atoms in place of corner Bi atoms giving rise to enhanced polarization results in large magnitude of magnetoelectric signal. The consolidated data on magnetoelectric measurement of the samples studied is given in the following table. Table: Consolidated data on few selected samples of Bi1-xRExFeO3 series ( RE = La, Nd, Sm, Dy ). Compound Maximum ME Voltage ( V/cm) e' at 100 Hz rdc x 107 (W-cm) BiFeO3 0.08 290.5 16.5 Bi0.6La0.4FeO3 0.117 1535.3 7.80 Bi0.8Nd0.2FeO3 1.2 329.3 6.56 Bi0.8Sm0.2FeO3 -9.96 320.7 2.94 Bi0.6Dy0.4FeO3 -9.8 250.4 5.44 Place : Kolhapur Date : Prof. R. N. Patil Mr. V. L. Mathe Research Guide Research Student 


